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In our pilot study on miR-939 and miR-376a that have been documented to regulate human inducible nitric oxide synthase expression in hepatocytes [15] and invasiveness of glioblastoma cells [16] , respectively, we observed results that could hardly be explained based on miRNA actions; instead, they would be better understood by TF mechanism. miR-939 downregulated B-cell lymphoma-extra large (Bcl-xL) and miR-376a upregulated miR-26, neither of which are its target gene. Bcl-xL is supposedly transactivated by nuclear factor kappaB (NF-κB) [17, 18] and miR-26 is transcriptionally repressed by nuclear factor of activated T cells (NFAT) [19] . In light of the ability of decoy ODNs to sequestrate TFs and the similar double-stranded structure between decoy ODNs and miRNAs, as well as the well-known ability of RNAs (besides DNA) to interact with proteins, we hypothesized that miRNAs might act as endogenous decoy molecules to produce transcriptional regulation of gene expression. Here we present the evidence for this notion by demonstrating the ability of miR-939 and miR-376a to mimic the action of decoy molecules for NF-κB and NFAT, respectively, thereby revealing a novel property of miRNA function.
Materials and Methods

Synthesis of miRNAs and anti-miRNA antisense inhibitors
Wild-type miR-376a and miR-939, mutant miR-376a and miR-939, antisense oligonucleotides inhibitors to miR-939, miR-376a, miR-1 and miR-21, and mismatched inhibitors ( 
Construction of NF-κB and NFAT promoter-luciferase fusion plasmids
A 1.2-kb segment of the proximal Bcl-xL promoter containing NF-κB binding sites [17] and HindIII and SpeI endonuclease sites was PCR synthesized. The segment was digested with HindIII and SpeI, and subsequently ligated into HindIII and SpeI sites in the luciferase-containing PGL3-Basic (Promega) vector, as described elsewhere [20] . The integrity and orientation of all constructs were confirmed by restriction endonuclease analysis and DNA sequencing. PCR-based mutagenesis with nucleotide replacement to the NF-κB binding core motif (5'-GGGACTTTC-3' for wild-type and 5'-GttcCTTTC-3' for mutant) was carried out. The mutant construct was subcloned into PGL3-Basic vector. For NFAT, a 300-bp cDNA fragment spanning the NFAT binding motif GGGCGGAAA (located at −244 to −253 from the translation start site) [21] and another fragment carrying mutation to the NFAT binding motif GGGCttcAA were PCR synthesized and separately subcloned into PGL3-Basic vector. These promoter elements were used to drive luciferase gene expression to generate reporter gene activities.
Preparation of decoy ODNs
We followed the methods described by Gao et al [20] for preparing decoy ODNs. Briefly, singlestranded phosphorothioate decoy oligodeoxynucleotides (ODNs) were synthesized by IDT incorporation (Coralville, IA). The ODNs were washed in 70% ethanol, dried and dissolved in sterilized Tris-EDTA buffer (10 mM Tris + 1 mM EDTA). The supernatant was purified using Micro Bio-spin30 columns (BioRad, Hercules, CA) and quantified by spectrophotometry. The double-stranded decoy ODNs were then prepared by annealing complementary single stranded ODNs (Fig. 1 ) by heating to 95 o C for 10 min followed by cooling to room temperature slowly over 2 h. Stocks of decoy ODNs were prepared at a concentration of 50 mM in saline. The sequence of NF-κB decoy ODN is: sense 5'-GAGUGGGACTTTCCCAGCGTG-3' and antisense 5'-CTCGCTGGGAAAGTCCCACTC-3', and that of NFAT is: sense 5'-CGCCCAAAGAGGAAAATTTGTTTCATA-3' and antisense 5'-TATGAAACAAATTTTCCTCTTTGGGCG-3'. (The consensus binding sites are bold and underlined). The efficacy of the decoy ODNs has been previously verified [18] .
Cell culture
Human embryonic kidney cell line HEK293 cells and rat ventricular cell line H9c2 cells were grown in DMEM. Human neuroblastoma cell line SH-SY5Y cells were grown DMEM/F12K medium, supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. The cells and media were purchased from ATCC (Manassas, VA).
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SH-SY5Y cell nuclear protein extract SH-SY5Y cells were maintained at 37°C in a humidified 5% CO2 to electrophoresis on Novex Retardation Gel (6% polyacrylamide) (Invitrogen) and electroblotted to a positively charged nylon membrane (Roche). The blots were visualized by an enzyme immunoassay using anti-digoxigenin-AP, Fab fragments, and the chemiluminescent substrate CSPD (Tropix) and subsequently were exposed to x-ray films.
Transfection procedures
Cells were transfected with 1 µg miRNA and/or miRNA inhibitors, and negative control constructs with lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions. Forty-eight hours after transfection, cells were used for luciferase assay or were collected for total RNA or protein purification.
For NF-κB and NFAT decoy ODNs, cells were washed with serum-free medium once and then incubated with 50 µl fresh fetal bovine serum (FBS)-free medium. The cells were transfected with the decoy ODNs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). For viability study, cells were seeded in 96-well tissue culture plates. At 50% confluence, the cells were washed with serum-free medium once and then incubated with 50 µl fresh fetal bovine serum (FBS)-free medium. Decoy ODNs and lipofectamine (0.25 µl) were separately mixed with 25 µl of Opti-MEM® I Reduced Serum Medium (Gibco, Grand Island, NY) for 5 min. Then the two mixtures were combined and incubated for 20 min at RT. The lipofectamine:decoy ODNs mixture was added dropwise to the cells and incubated at 37°C for 5 h. Subsequently, 25 µl fresh medium containing 30% FBS was added to the well and the cells were maintained in the culture until use, either for cell growth assays or for RNA extraction.
Luciferase activity assay HEK293 cells were transfected with 1 µg PGL3-target DNA (firefly luciferase vector) and 0.1 µg PRL-TK (TK-driven Renilla luciferase expression vector) with lipofectamine 2000. Following transfection (48 h), luciferase activities were measured with a dual luciferase reporter assay kit (Promega) on a luminometer (Lumat LB9507). For all experiments, transfection took place 24 h after starvation of cells in serum-free medium.
Quantitative real-time RT-PCR analysis
Total RNA samples were extracted from cultured cells using Trizol reagents and treated with DNase I. Single strand cDNA was reverse transcribed from total RNA using random primer under standard conditions with the High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). Quantitative real-time PCR with total cDNA was performed with SYBR Green Master Mix Real-Time Core Reagents on an ABI 7500 (Applied Biosystems) according to the manufacturer's instructions. We determined the appropriate cycle threshold (Ct) using the automatic baseline determination feature. Fold variations in expression of a miRNA or mRNA between RNA samples were calculated. We used expression level of GAPDH as an internal control. All samples were tested in triplicate, and the average values were used for quantification.
Electrophoresis mobility shift assay (EMSA)
miR-376a, miR-939, and NF-κB and NFAT decoy ODNs were labeled by mixing 4 µl (50 ng) annealed decoy ODNs with 4 µl T4 kinase buffer (5×), 1 µl DTT (0.1 M), 6 µl γ-p32-ATP, 3 µl ddHB 2B O and 2 µl T4 kinase. The sample was incubated at 37°C for 1 h and then 80 µl TE (10 mM Tris-HCL pH 8.0) was added to complete the reaction. The sample was then loaded into the G-25 column and centrifuged at 7000 g for 2 min. Binding reactions were carried out at room temperature for 15 min in a buffer containing 2 µg nuclear extract sample from SH-SY5Y human neuroblastoma cells (EMD Millipore Corporation, Billerica, MA, USA) in 10 µl HB 2B O and 8 µl of master mix (12×) containing 1 M Tris-HCl (pH7.5), 0.5 M EDTA, 5 M NaCl, 1 M DTT, 50% glycerol, 100 µg/µl BSA, and 1 µg/µl poly dIdC. For super shift experiment, antibodies (1 µg) were included in the reaction, and for competition experiments, unlabeled constructs in 100-fold excess of the labeled ones were added in the binding reactions. Then, 2 µl (100,000 cpm/µl) P 32P P-labeled decoy ODNs were added to the reaction and incubated for another 15 min at RT, followed by addition of 2 µl loading dye. DNA-protein complexes were separated by non-denaturing polyacrylamide gel (7.5% in 0.4× TBE) electrophoresis. Gels were dried and analyzed with Typhoon image system (Amersham Bioscience) and quantified with ImageQuant software (Version 5.2).
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Modified chromatin immunoprecipitation assay
ChIP assays were conducted with the EZ ChIP kit according to the manufacturer's instructions (Upstate Cell Signaling Solutions, Lake Placid, NY) which were essentially the same as described previously by other laboratory [22] . Briefly, SH-SY5Y cells were were grown to subconfluency, washed and fixed in 1% formaldehyde for 10 min to crosslink nucleoprotein complexes and scraped in phosphate buffered saline containing protease inhibitor cocktail. Pelleted cells were then lysed and sonicated in detergent lysis buffer. Sheared DNA-protein complexes or miRNA-protein complexes were immunoprecipitated by incubating overnight the lysates with 2 µg antibodies against NF-κB, NFAT, or lamin A (as a control; all from Santa Cruz Biotech). Protein A/G Plus beads (Santa Cruz Biotech) were used, and after extensive washing, crosslinks were removed at 65 o C over overnight in an elution buffer (1% SDS, 0.1M NaHCO 3 ). For detection of DNA-protein complexes, the DNA was isolated using the QIAquick PCR purification kit (Qiagen) and the presence of NF-κB or NFAT in the promoter region of the Bcl-xL gene or the FasL gene promoter was verified by real-time RT-PCR amplification using 10% of purified DNA. The PCR products were analysed by gel electrophoreses on an 8% non-denaturing polyacrylamide gel and subsequent ethidium bromide staining. To verify the specificity of DNA-protein interaction, cells were treated with miR-939, miR376a or their mutant constructs before fixation. The primer pair for Bcl-xL is: forward 5'-GCAGGCGACGAG TTTGAACT-3' and reverse 5'-CTCGGCTGCTG ATTGTTC-3' with an expected PCR product of 87 bp; for FasL: forward 5'-GTCTACCAGCCAGATGCACACAGC-3' and reverse 5'-GTACCTCATGACTGCCTCTGTGGG-3' with an expected PCR product of 72 bp.
For detection of miRNA-protein complexes, precursor miRNA (pre-miRNAs) samples were isolated using the NucleoSpin® miRNA Kit (Clontech Laboratories, Inc, Mountain View, CA, USA), according to manufacturer's instructions. The presence of NF-κB or NFAT in the pre-miR-939 or pre-miR-376a was verified by real-time RT-PCR amplification using 1 μg of purified RNA. The PCR products were analysed by gel electrophoreses on a 10% denaturing polyacrylamide gel and subsequent ethidium bromide staining. The primer pair for has-pre-miR-939 is: forward 5'-UGUGGGCAGGGCCCUGGGGAG-3' and reverse 5'-UACAUCGCGGUCAGACACUG-3' with an expected PCR product of 87 bp; for has-pre-miR-376a: forward 5'-CGGCUAAAAGGUAGAUUCUCC-3' and reverse 5'-GCGAAAACGUGGAUUUUCCUC-3' with an expected PCR product of 72 bp.
MTT cell viability assay
MTT Cell Proliferation/Viability Assay kit (R&D Systems China Co. Ltd.) was used assess cell viability according to the manufacturer's instruction. MTT was added directly to the culture medium and was reduced by metabolically active cells to insoluble purple formazan dye crystals. The absorbance of the sample was read directly in the wells at an optimal wavelength of 570 nm using a microplate reader (GloMax®-96 Microplate Luminometer, Promega).
Cellular DNA Fragmentation ELISA Cell apoptosis was assessed by measuring DNA fragmentation using cellular DNA fragmentation ELISA kit (Roche Applied Sciences, Cat#: 11585045001) according to the manufacturer's protocol. Culture supernatant and cytoplasmic fractions (lysates) of cells with DNA were metabolically prelabeled with BrdU. The absorbance of the sample was read directly in the wells at an optimal wavelength of 405 nm using a microplate reader (GloMax®-96 Microplate Luminometer, Promega).
Data analysis
Group data are expressed as mean ± SEM. Statistical comparisons among multiple groups were performed by analysis of variance (ANOVA). If significant effects were indicated by ANOVA, a t-test with Bonferroni correction or a Dunnett's test was used to evaluate the significance of differences between individual means. Otherwise, baseline and drug data were compared by paired Student′s t-test and agematched comparisons between control and drug were done by unpaired Student's t-test. Group comparisons for AF incidence were performed using χ 2 -test. A two-tailed p<0.05 was taken to indicate a statistically significant difference. Cis-elements for transcription factor binding sites were analyzed with MatInspector V2.2 (Genomatix).
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Results
Analysis of putative TF cis-elements in miR-376a and miR-939
As the first step to exploit the possibility of miR-939 and miR-376a to act as decoy molecules, we computationally analyzed these two miRNAs for the existence of TF binding sites (cis-acting elements) using the MatInspector V2.2 program (Genomatix). Our analysis revealed that miR-939 bears a 'cis-acting site' for nuclear factor-kappa B p50 subunit (NF-κB/p50) [23, 24] , which is located at its 5'-end region 2-8 nts exactly overlapping with its 'seed site' (Fig. 1) , and miR-376a contains a 'cis-acting site (GGAAA)' for NFATc3 ( Fig. 1) [25, 26] . In general, NF-κB is an antiapoptotic factor in neurons which can transactivate survival genes like Bcl-xL [17, 18, 27, 28] , whilst NFATc3 is a proapoptotic molecule in neurons that can transactivate Fas ligand (FasL) expression [29, 30] . 
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Physical interaction between miR-376a/miR-939 and TFs
Verification of the ability of miR-939 and miR-376a to specifically interact with their corresponding TFs is a key to establish the role of these miRNAs in regulating gene expression at the transcriptional level. To this end, we first carried out EMSA with the purified TF proteins. All miRNAs under test were digoxin-labeled and used as probes for detection. As expected, all miRNAs studied were able to bind with their corresponding TFs. The results are shown in Fig. 2 , where the bindings between the TFs and the miRMAs are indicated by appearance of up-shift of the probe bands. Several control experiments were conducted to verify the results. (1) The density of the shifted bands was substantially weakened after the unlabeled miRNAs had been premixed with the labeled with probes. (2) As a positive control, the NF-κB decoy ODN demonstrated clear binding with NF-κB/p50 protein. (3) As negative controls, miR-939 (Fig. 2a) and miR-376a (Fig. 2b) failed to cause any shifts with AP1 proteins. (4) Neither the mutated miR-939 with the NF-κB cis-element being disrupted, or the mutated miR-376a with NFAT cis-element being disrupted, nor the scrambled decoy ODN, were able to bind to NF-κB/p50 protein.
To further confirm the ability of endogenous miRNAs to interact with endogenous TFs in the physiological context, we immunoprecipitated the TFs using their respective antibodies, with which the interacting miRNAs should be co-precipitated along with their corresponding TFs and be detected by real-time RT-PCR. Our data indeed verified the physical binding of NF-κB to its cis-element in the promoter region of the bcl-xL gene (Fig. 3a) and NFATc3 to its cis-element in the promoter region of the FasL gene (Fig. 3b) . Notably, incubation of cells with miR-939 nearly abrogated the binding of NF-κB to Bcl-xL promoter, presumably by competing with the binding motif in the promoter region of Bcl-xL, while incubation with miR-376a as negative control did not significantly alter NF-κB:Bcl-xL binding (Fig. 3a) . Similarly, miR-376a abolished the interaction between NFAT and FasL promoter, whereas miR-939 failed to affect NFAT:FasL interaction (Fig. 3b) . As a negative control, we excluded the cross-binding among the miRNAs and the TFs.
In addition to the above miRNA-promoter competition experiments, we further investigated the direct interaction between NF-κB and miR-939, and between NFAT and miR-376a, by crosslinking the immunoprecipitates followed by RT-PCR amplification of premiR-939 and pre-miR-376a. Our results depicted in Fig. 3c and 3d clearly show the ability of pre-miR-939 to bind NF-κB and pre-miR-376a to bind NFAT.
Transcriptional regulation of luciferase gene by miR-376a and miR-939
The physical interactions between the miRNAs and the TFs described above strongly indicate that miRNAs can likely exert transcriptional regulation of gene expression by decoylike actions as decoy:TF binding is the key mechanism for the actions. This is evidenced by our functional assay with luciferase reporter gene expression vectors carrying the perfect cis−element for each of the TFs separately, as the standard test systems.
As illustrated in Fig. 4a , miR-939 at 20 nM significantly inhibited luciferase activities elicited by the luciferase vector carrying the Bcl-xL promoter region spanning the NF-κB binding motif (NF-κB/luciferase vector) in transfected HEK293 cells. This inhibitory effect was prevented by co-transfection with miR-939 inhibitor. Moreover, as a negative control, the mutated miR-939, with the NF-κB binding site disrupted (nucleotides replacement), failed to affect the luciferase activity. These results indicate the specificity of miR-939 actions (Fig. 4a) . Furthermore, miR-939 did not affect the luciferase activity with the NF-κB mutant/luciferase vector (Fig. 4a) , neither did it cause cross effects on the luciferase activities expressed by the luciferase vector carrying the FasL promoter region spanning the NFAT binding motif (NFAT/luciferase vector; Fig. 4a ), indicating the specificity of actions of miR-939 on NF-κB. As a positive control, a decoy ODN targeting NF-κB (NF-κB decoy), caused qualitatively the same repressive effect with the NF-κB/luciferase vector (Fig. 4a) . Finally, as anticipated, similar inhibitory effects on NF-κB/luciferase activity were consistently reproduced with the precursor miR-939 sequence with the loop removed to avoid Dicer processing into mature miR-939 (pre-miR-939; Fig. 4a) , and the effect was abolished by miR-939 inhibitor. Cui 
As an additional negative control for cross action, miR-376a did not affect luciferase activity. Similar effects were observed with miR-376a, which acted only on the NFAT/luciferase vector, but not on NF-κB/luciferase vector (Fig. 4b) . The mutant miR-376a with the NFAT binding site disrupted but the seed site kept intact lost the ability to inhibit the luciferase Fig. 3 . Verification of the ability of NF-κB and NFAT to bind to miR-939 and miR-376a, and their precursor miRNAs, respectively, in SH-SY5Y human neuroblastoma cells. (a) Evidence for the presence of NF-κB on its cis-acting elements in the promoter region of the Bcl-xL gene, using chromatin immunoprecipitation (ChIP) assay. NFAT and lamin A were used as negative controls. The recovered DNA by anti-NF-κB/ p50 to indicate the relative level of NF-κB:Bcl-xL binding was measured by qPCR following ChIP and is expressed as fold changes over antilamin A band. Lane 1: DNA marker; lane 2: the PCR-amplified band using CPSF1 primer pairs and human genomic DNA without immunoprecipitation; lane 3: the PCR-amplified band using CPSF1 primer pairs and human genomic DNA after anti-NF-κB/p50 immunoprecipitation as a template; lane 4: the PCR-amplified band using CPSF1 primer pairs and human genomic DNA after NFAT antibody immunoprecipitation as a template for negative control; lane 5: the PCR-amplified band using CPSF1 primer pairs and human genomic DNA after lamin-A antibody immunoprecipitation as a template for negative control. ***p<0.001, n=3. (b) Evidence for the presence of NFAT on its cis-acting elements in the promoter region of the FasL gene using chromatin immunoprecipitation (ChIP) assay. NF-κB and lamin A were used as negative controls. The recovered DNA by anti-NFATc3 to indicate the relative level of NFAT:miR-376a binding was measured by qPCR following ChIP and is expressed as fold changes over anti-lamin A band. Lane 1: DNA marker; lane 2: the PCR-amplified band using miR-376a primer pairs and human genomic DNA without immunoprecipitation; lane 3: the PCR-amplified band using miR-376a primer pairs and human genomic DNA after anti-NFAT immunoprecipitation as a template; lane 4: the PCR-amplified band using miR-376a primer pairs and human genomic DNA after NF-κB antibody immunoprecipitation as a template for negative control; lane 5: the PCR-amplified band using miR-376a primer pairs and human genomic DNA after lamin-A antibody immunoprecipitation as a template for negative control. ***p<0.001, n=3. 
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Cellular Physiology and Biochemistry activity. As anticipated, similar effects were consistently reproduced with the precursor miR376a with the loop removed to avoid Dicer processing into mature miR-376a (pre-miR-376a; Fig. 4b ). The efficacy of pre-miRNAs in depressing luciferase activity argued against the possibility of post-transcriptional repression of expression of the luciferase gene in our study. Using the mRNA target prediction, we did not find any 'seed sites' for miR-939 or miR376a in the 3'UTR and any other regions in the luciferase vector.
To further verify that double-stranded RNA in general can functionally interact with TFs, we converted the NF-κB and NFAT decoy ODNs into equivalent RNA sequences (decoy ORNs which are comprised of two complementary RNA oligonucleotides annealed together) and demonstrated the ability of these decoy ORNs to suppress luciferase activities elicited by the luciferase vectors containing the corresponding TF sites (Fig. 4c) .
We then sought to investigate the role of endogenous miR-939 and miR-376a-1 in regulating luciferase activities by "loss-of-function" approach using the anti-miRNA 2'-O-methyl oligonucleotides inhibitors. If the endogenous miRNAs can produce transcriptional regulation of gene expression, then application of miRNA inhibitors alone should be able to alter luciferase activity. Our experiments indeed verified this notion: the (Fig. 5a) ; for instance, miR376a inhibitor increased the luciferase activity (by 70%) induced by the NFAT luciferase vector. Neither the scrambled inhibitor (NC Inhibitor) nor the inhibitors to miR-1 and miR-21 as negative controls produced any appreciable effects on luciferase activities (Fig. 5a ).
The efficacy of the inhibitors to cause sequestration or induce degradation of their target miRNAs (Fig. 5b ) and precursor miRNAs (Fig. 5c ) was verified using qRT-PCR.
Transcriptional regulation of endogenous genes by miR-376a and miR-939
It has been demonstrated that decoy ODNs can block the function of TFs without penetrating into the nucleus as proteins including TFs are all synthesized outside the nucleus and sequestration of TFs by decoy ODNs in the cytoplasm expectedly prevents these TFs from being translocated into nucleus to take actions [7] . By the same mechanism, mature miRNAs that are normally generated in the cytoplasm should also be able to block the actions of TFs by the same mechanism. While our results presented in earlier sections clearly indicate the physical miRNA:TF interactions and the regulation of gene expression consequent to the interactions, it has not been shown whether the transcriptional regulation induced by miRNAs operates in the physiological context. To clarify this issue, we carried out qRT-PCR measurements of selected genes that have been known to be transcriptionally regulated by NF-κB and NFATc3, based on published studies. It has been shown that application of NF-κB activator to SH-SY5Y human neuroblastoma cells significantly increased the level of Bcl-xL mRNA that encodes the anti-apoptotic protein BCL-xL [17, 18] . In the present study, miR-939 considerably decreased Bcl-xL transcript concentration, an effect abrogated by co-transfection with its inhibitor (Fig. 6a) . Similar effects were consistently observed with pre-miR-939, which was also abolished by miR-939 inhibitor. The mutant construct failed to produce any appreciable effects on Bcl-xL transcript, neither did miR-376a.
On the other hand, miR-376 reduced the transcript level of FasL (Fig. 6b) encoded by the FASLG gene in the same manner as miR-939 did on Bcl-xL. Furthermore, it has recently been shown that NFATc3 transcriptionally represses expression of the KCNJ2 gene that encodes a K + channel subunit Kir2.1 [19] . There is a possibility then that miR-376a is able to regulate KCNJ2 expression through decoying NFAT. Our results indeed demonstrated that either miR-376a or pre-miR-376a caused massive upregulation of KCNJ2 level in cultured H9c2 ventricular cells, and the effects were mitigated or eliminated by miR-376a inhibitor (Fig. 6c) .
Cellular function of miR-376a and miR-939 as decoy molecules
We then sought to exploit the cellular function as the outcomes of the transcriptional regulation of gene expression by miRNAs. One common feature of NF-κB and NFAT is that these TFs have all been known to play crucial roles in cell death (apoptosis) and cell proliferation. NF-κB is primarily a survival factor with strong anti-apoptotic and proliferation-stimulating effects in neurons [27, 28, 31, 32] , whilst NFAT mainly cause apoptotic cell death of neurons [29, 30, 33] . We therefore set out to test whether miR-939 /pre-miR-939 and miR-376a/premiR-376a regulate apoptosis in human neuroblastoma cell line SH-SY5Y cells.
The anticancer agent doxorubicin has been shown to induce apoptosis accompanied by activation of NF-κB in neuroblastoma SH-SY5Y cells [34] [35] [36] , which likely produces protective role against doxorubicin-triggered cell death. We observed that miR-939/ pre-miR-939 promoted apoptosis induced by doxorubicin, as indicated by the decreased percentage of survival cells measured by MTT (Fig. 7a) and the increased optical density (OD) values measured by ELISA (Fig. 7b) and TUNEL (Fig. 7c) for DNA fragmentation. NF-κB decoy evoked similar pro-apoptotic effects as miR-939. In contrast, miR-376a/pre-miR376a, as well as NFAT decoy, protected against apoptosis (Fig. 7d, e, f) , which is consistent with published studies showing that NFAT is a mediator of doxorubicin-induced apoptosis in glioma cells [37] and T-lymphocytes [38] . The effects of these miRNAs/pre-miRNAs on SH-SY5Y apoptosis were all abolished when co-transfected their respective inhibitors.
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Additionally, the mutant negative controls for the miR-376a and miR-939 did not produced any appreciable effects on cell death, whereas their positive control decoy ODNs (NF-κB and NFAT decoys) gave rise to similar results as the miRNAs/pre-miRNAs.
Discussion
Here we reported a non-canonical mechanism of miRNAs miR-939 and miR-376a several acting as endogenous decoy molecules to sequestrate transcription factors NF-κB and NFAT to produce transcriptional regulation of gene expression leading to altered cellular functions associated with these TFs, in addition to their canonical actions through the seed-site mechanism. A number of lines of evidence are provided in support of this novel mechanism. First, miR-939 and miR-376a can physically interact with NF-κB and NFAT, respectively, which is conferred by the cis-elements carried within the sequences of mature miRNAs. Moreover, miR-939 and miR-376a can produce transcriptional regulation of luciferase reporter gene expression and luciferase activities with the luciferase vector carrying the NF-κB and NFAT cis-acting elements in its promoter region. Moreover, miR-939 and miR-376a 
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry produced transcriptional regulation of endogenous genes Bcl-xL and FasL/miR-26 that are the transcriptional targets for NF-kB and NFAT, respectively, but are not post-transcriptional targets for these two miRNAs. In particular, miR-939 downregulated BcL-xL transcript, and miR-376a downregulated FasL mRNA but upregulated miR-26 consistent with sequestration of NFAT. Finally, interference of these miRNAs with NF-κB and NFAT demonstrated clear phenotypes at the cellular level as manifested by the regulation of neuroblastoma cell death by miR-939 and miR-376a. Strikingly, precursors miR-939 and miR-376a elicited qualitative the same effects as their respective mature counterparts, whilst mutations made to the cis-acting elements within the mature sequence of miR-376a eliminated the actions of the wild-type miRNA and the antisense inhibitors of miR-939 and miR-376a effectively blocked the actions of these two miRNAs. Our study therefore identified a novel non-canonical mechanism of actions of miRNAs and suggests that when considering the cellular function of miRNAs the decoy-like mechanism for transcriptional regulation (activation or repression), in addition to the commonly recognized seed-site mechanism for post-transcriptional repression, should be taken into account. Ever since their discovery, miRNAs have been believed to exclusively produce posttranscriptional regulation of gene expression [39, 40] . The data presented here however breaks this dogma; miRNAs can regulate gene expression at the transcriptional level. In other words, miRNAs actually function through dual mechanisms in a cell: transcriptional and post-transcriptional regulations. Dual functions of miRNAs are conferred by the dual sites contained in the sequence of a miRNA: the 'seed site' for target mRNA binding to elicit post-transcriptional regulation and the 'cis-acting site' for target TF binding to produce transcriptional regulation. While the 'seed site' is fixed at the 5'-end 2-8 nucleotides, the 'cis-acting site' may exist in any regions along the sequence of a miRNA. miRNAs are known for their ability to post-transcriptionally silence gene expression. This unique function is fulfilled by binding the target mRNAs through a partial complementary mechanism to trigger the RISC machinery and so as to hinder the protein translation process and/or degrade the targeted mRNAs. The transcriptional regulation of gene expression by miRNAs reported in this study has not been previously noticed. One of the explanations for that may be that the genes regulated by a given miRNA through the two distinct pathways (transcriptional and post-transcriptional) are different. Another possible explanation may be that the transcriptional regulation by miRNAs is indirectly via acting on TFs, deferring from direct actions on genes. The presence of this alternative mode of actions at the transcriptional level is confirmed by the four converging lines of experimental evidence, including the physical bind between miRNAs and TFs as revealed by our EMSA experiments, altered gene expression by miRNAs determined by our luciferase reporter activity assay, real-time RT-PCR quantification of mRNA levels, and functional evaluation of cell death. It is therefore speculated that transcription of a gene is under the control of both TFs and miRNAs, or more specifically of the balance between TFs and miRNAs. Nonetheless, whether our results obtained from miR-939 and miR-376a can be extrapolated to other miRNAs requires broader surveys of more miRNAs.
This study established that the transcriptional regulation produced by miRNAs is ascribed to their binding to transcriptional factors through the decoy action in addition to their well-recognized ability to bind target mRNAs to repress translation via the RISC mechanism. This finding clearly indicates the presence of endogenous decoy molecules in mammalian cells; differing from the known exogenous decoy oligodeoxynucleotides (decoy ODNs), miRNAs are endogenous decoy oligoribonucleotides (decoy ORNs). MiRNAs as the endogenous decoy molecules are supported by three lines of evidence. First, our EMSA experiments revealed the physical associations between TFs and mature miRNAs/ pre-miRNAs that contain the putative binding motifs of these TFs. In other words, miRNAs are able to bind and absorb the targeted TFs. Second, the miRNA:TF interactions bring about functional outcomes. A miRNA can alter the promoter activities if the miRNA and the promoter contain the same cis-element for a TF. Quenching of TFs by miRNAs renders a loss of the regulatory functions in gene transcription. Third, mutations in the TF binding sites Another conceptual advance brought by this study to our understanding of the function of miRNAs is that while by the RISC mechanism miRNAs exclusively repress translation process, by the decoy mechanism they can either downregulate/repress/silence or upregulate/enhance/activate gene expression, depending upon the actions of their targeted TFs. This finding suggests that the existing dogma that miRNAs can only silence expression of genes no longer holds; while a given miRNA may repress translation of its target genes by the RISC mechanisms it can also enhance transcription of other genes by the decoy mechanism.
Also notable is our finding that pre-miRNAs exert regulatory effects on gene expression at the transcriptional level through the decoy mechanism in spite of their inability to produce post-transcriptional repression via the RISC pathway. This prompts to revise the general believe that pre-miRNAs are of no cellular functions being merely the intermediates of miRNA biogenesis [42] . It is noteworthy that the ability offered by precursor miRNAs to target TFs to produce transcriptional regulation of related genes may or may not be preserved in their mature counterparts depending upon whether the binding sites for the TFs are contained within the shorter mature sequences. If a particular TF binding element is carried by a mature miRNA, then one expects to observe the decoy actions from both mature and precursor forms. This is the case for the present study; the cis-elements for NF-κB and NFAT are located within the regions of mature miR-939 and miR-376a, respectively. In the case that TF binding site is located outside a mature sequence and within the precursor sequence, the pre-miRNA is likely functional via decoy-like actions. It is therefore no doubt that miRNAs in their precursor form with longer sequences are always capable of decoying more TF species than in their mature form at shorter segments.
NF-κB is generally composed of two subunits, p50 and p65, that associate with a third protein, IκB, in many cell types [43] . p65 primarily binds to motif with a core containing "GGAA", whereas p50 binds to motif with a core of "GGGRN" where R indicates A or G, and N indicates any nucleotide [23] . In our case, miR-939 contains "GGGRN"; thus it should preferentially bind to p50. However, there is a possibility that miR-939 can also bind to p65, which merits future studies to verify. Additionally, NF-κB has been linked to a wide variety of signaling mediators such as JNK, AP-1 and MAPK, aside from Bcl-xL [44, 45] . It would be important to clarify in the future whether these other factors are also regulated by miR-939 through decoy-like action on NF-κB.
One of the characteristics of miRNAs is that each individual miRNA possess the potential to post-transcriptionally repress multiple target genes (ranging from a few decades to a few hundreds of mRNAs). Similarly, each individual TF also regulates multiple genes. This latter property determines that each individual miRNA has the potential to transcriptionally regulate multiple genes. Probably more important is the perspective that a given miRNA regulate two distinct populations of genes: one depending on its 'seed site' target mRNAs and the other on its TF 'cis-acting site' target genes. For example, miR-376a has putative target genes when operating with the RISC mechanism, but has a different set of target genes when operating with the decoy mechanism. One interesting issue raised from our findings is that post-transcriptionally, miRNAs can regulate only protein-coding genes, but transcriptionally, they can also regulate miRNA-coding genes. For instance, we showed here that miR-376a upregulated miR-26 expression. This mechanism of miRNA-regulation-of-miRNA is another novel function of miRNAs.
While the predominant anti-apoptotic activity of NF-κB contributes to its oncogenic capacity, the pro-apoptotic favor NFAT as a potent tumor suppressor at least in neuroblastomas, may be ascribed to the regulation of expression of hundreds of proteincoding genes. Many variants of cancer are characterized by elevated constitutive activity of NF-κB, which can act as a survival factor for malignant cells and an important obstacle in Cellular Physiology and Biochemistry many cancer therapies. Moreover, NF-κB is an essential factor in acute as well as chronic inflammation, a pathological state which is either cause or co-factor in a great variety of diseases [31, 32] . Our results showed that miR-939/pre-miR-939 and miR-376a/pre-miR376a can directly target NF-κB and NFAT, respectively, leading to significant outcomes on cell death. The findings indicate that these miRNAs not only are the vital components of NF-κB and NFAT networks but can also be considered as miRNA oncomers or tumor suppressors by their decoy property [46, 47] , providing a novel, alternative approach for cancer therapy through interfering these miRNAs [48, 49] . Thus, our data revealed novel cellular functions of miR-939 and miR-376a, in addition to their role in regulating inducible nitric oxide synthase expression in hepatocytes [15] and invasiveness of glioblastoma cells [16] , respectively. The present study was not able to elucidate the relationships between the transcriptional regulation and post-transcriptional repression of gene expression by miRNAs; how these two different mechanisms operate to coordinate the delicate yet dynamic balances of regulation under various conditions. More studies are definitely required to establish the relationships between miRNAs and TFs by including more miRNAs and TFs for experimental examination, and to delineate the pathophysiological significance of these relationships by implementing experiments in the in vivo settings. We also failed in this study to define whether other types of RNAs in addition to miRNAs can also act as decoy molecules to produce transcriptional regulation of gene expression and what exactly the structural features are required for a miRNA to be able to interact with TFs though our results suggest that double strand structure and TF binding sequence are two important conditions.
Conclusions
In summary, we have identified several novel properties of miRNAs, which has the potential to revise our current view of these unique molecules. The gene expression regulation by miRNAs as endogenous decoy molecules has important implications in cellular functions. Our study revealed a novel, non-canonical mechanism of miRNA function in transcriptionally regulating, either activation or repression depending on the TF activities, protein-coding genes and miRNA-coding genes as well by the decoy-like actions, in addition to the canonical seed-site mechanism for post-transcriptional repression.
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